The aim was to determine the diagnostic performance of 3-dimensional virtual reality ultrasound (3D_VR_US) and conventional 2-and 3-dimensional ultrasound (2D/3D_US) for first-trimester detection of structural abnormalities. Forty-eight first trimester cases (gold standard available, 22 normal, 26 abnormal) were evaluated offline using both techniques by 5 experienced, blinded sonographers. In each case, we analyzed whether each organ category was correctly indicated as normal or abnormal and whether the specific diagnosis was correctly made. Sensitivity in terms of normal or abnormal was comparable for both techniques (P ¼ .24). The general sensitivity for specific diagnoses was 62.6% using 3D_VR_US and 52.2% using 2D/3D_US (P ¼ .075). The 3D_VR_US more often correctly diagnosed skeleton/limb malformations (36.7% vs 10%; P ¼ .013). Mean evaluation time in 3D_VR_US was 4:24 minutes and in 2D/3D_US 2:53 minutes (P < .001). General diagnostic performance of 3D_VR_US and 2D/3D_US apparently is comparable. Malformations of skeleton and limbs are more often detected using 3D_VR_US. Evaluation time is longer in 3D_VR_US.
Introduction
There is an increasing interest in the detection of structural abnormalities in the first trimester of pregnancy, in particular in high-risk patients. Several factors have contributed to this shift of interest from the third and second trimesters of pregnancy to the first trimester. First, nuchal translucency measurements have become available as an effective screening tool for Down syndrome. As a result more structural abnormalities have been detected during the late first trimester. Second, ongoing technical development of ultrasound (US) equipment continues to improve visualization of first-trimester fetal anatomic structures.
The majority of structural abnormalities can now be detected during a first-trimester US scan. [1] [2] [3] [4] [5] [6] The reliability of first-trimester screening for structural abnormalities is still at debate. However, if structural abnormalities can be reliably diagnosed in the first trimester of pregnancy, this will improve earlier informed decision making.
Three-dimensional (3D) US is mainly used complementary to 2-dimensional (2D) US in specific cases where it may provide additional information. 7 However, 3D_US is still presented by means of a 2D medium, which is unable to provide all information offered by the 3D data set.
In this study, we report on a new display technology called virtual reality (VR). This technology aims to further improve visualization by presenting 3D_US data as a hologram (3D_VR_US) in a 4-walled CAVE-like 8 VR system in which investigators are surrounded by stereoscopic images ( Figure 1C) . A hologram is created by the V-Scope rendering application and polarized glasses enable the viewer to perceive depth and to interact with the 3D volume in an intuitive manner. 9 In a research setting, the 3D_VR_US has already been successfully applied for determining various firsttrimester reference values, and in individual cases of complex congenital malformations, 3D_VR_US supported the diagnosis by adding clinically relevant details. [10] [11] [12] [13] [14] [15] [16] Although clinicians rapidly adopted conventional 3D_US upon its introduction at the end of the 1990s without formal evaluation, 7 this study aims to provide diagnostic evidence to support a similar decision on 3D_VR_US. The application is investigated for the use of first-trimester screening for structural abnormalities. Study outcomes are feasibility (in particular evaluation time) and diagnostic accuracy (sensitivity or detection rate) for both 2D/3D_US and 3D_VR_US compared to an independent gold standard.
Methods
In this comparative study, 48 pregnancies with known outcomes were assessed by 5 reviewers unknown to the cases. The 2 imaging techniques compared in this study are conventional 2D/3D_US ( Figure 1A and B) and experimental 3D_VR_US ( Figure 1C ). The known outcome (gold standard) is based on all available information at the time of inclusion (midgestation US scan, outcome of the pregnancy, pathology report, etc). Twenty-four pregnancies were classified as abnormal due to structural congenital and/or other abnormalities and 24 pregnancies were classified as normal. Study outcome is limited to feasibility (in particular evaluation time) and diagnostic accuracy, both general and per organ system, if a structural abnormality is present. The study was conducted between April and September 2011.
Data Collection
Pregnancies were collected from an ongoing study, started in 2009, in which women are recruited for weekly US examinations between 6 and 12 weeks of gestational age (GA), and 2D/3D and 3D VR data are collected. [13] [14] [15] 17, 18 This cohort aims to include uncomplicated pregnancies. Ultrasound examinations are performed transvaginal using a GE Voluson E8 system (GE Healthcare, Zipf, Austria) with a 9-to 12-MHz probe. This study is approved by the institutional medical ethical committee.
Selection of Used Cases and Controls
From the pregnancies of this cohort with available 2D/3D and 3D_VR data, we selected 24 abnormal pregnancies and, Figure 1 . A fetus of 10 þ 3 weeks' gestational age is visualized in (A) 2-dimensional ultrasound, (B) 3-dimensional (3D) ultrasound, and (C) the Barco I-Space 3D Virtual Reality system. The viewer is wearing polarized glasses and is holding the wireless joystick both equipped with a tracking system. Note that this 2-dimensional picture cannot express the 3-dimensionality of the original ''hologram.'' randomly, 24 normal pregnancies. Abnormality of pregnancy was determined at the time of inclusion by the clinical obstetrician in charge. Abnormal pregnancies were defined as cases with structural congenital abnormalities and/or maternal uterine abnormalities. All cases were selected on the availability of a postpartum diagnosis or a pathological investigation after termination of pregnancy. Only cases with reasonable image quality were included in the study. For this reason, images with poor image quality due to incompleteness of the 3D data set, an intermediate position of the uterus, or movement artifacts were excluded. We regarded this diagnosis (normal or abnormal with the specific abnormality) as the gold standard. The selected 24 abnormal cases were matched one to one to normal cases (birth of a child without congenital abnormalities, established in a similar way), with the same GA. The GA, based on the last menstrual period or conception date, ranged from 8 þ 2 to 13 þ 5 weeks.
Due to a database error, the assumed gold standard changed after reassessment: a twin pregnancy (classified as a normal singleton) and a pregnancy with a uterine myoma (classified as normal) were reclassified into the abnormal group. This led to a distribution of 22 normal and 26 abnormal pregnancies used for analysis. One or more abnormalities were present per case with a total of 54 structural abnormalities in our study population.
In Table 1 , the number of included abnormalities per organ system is presented.
Reviewing Process
Five sonographers (AE, JC, EMS, MH, and KT), experienced in advanced US screening, the so-called ''reviewers'', evaluated all 48 US volumes once with 2D/3D_US and once with 3D_VR_US. The clinical cases and images were unknown to the reviewers. The reviewers were also unaware of the distribution of normal and abnormal cases. Apart from GA, no other clinical information was provided.
All US volumes were evaluated offline with 2D/3D_US using the four-dimensional (4D) View software (version 9.1; GE Healthcare) and with 3D_VR_US using V-Scope software (Erasmus MC, Rotterdam, The Netherlands) in the BARCO I-Space. 9 The reviewers reviewed the 48 cases once using 3D-VR_US and once using 2D/3D_US. To avoid recognition, a 4-week interval was used between the evaluations using the 2 techniques and as well the order of the cases differed for the 2 techniques. Findings of the reviewer using the 2 techniques are therefore treated as independent observations. The US volumes were anonymized and assigned an identification number, and the reviewers randomly started with either 2D/3D_US or 3D_VR_US. As both the I-Space (3D_VR_US) and the 4D-View software (2D/3D_US) were new to the reviewers, a brief training session preceded the study. In this training session, the reviewers were trained to translate, rotate, and magnify the volumes, to use the clipping plane, and to change the region of interest. No measurements were performed by the reviewers in this study.
During the study, the reviewer had a checklist available for every case containing all traceable structural abnormalities (n ¼ 91) in the first trimester of pregnancy grouped by organ system. The reviewer scored for every category if an abnormality was present (or not) and if so which specific abnormality within the category was diagnosed. The time required for completion of the evaluation by the reviewer was recorded by the investigator (LB).
Finally, we offered a small survey to each reviewer to record subjective experience with 2D/3D-US and 3D_VR_US.
Analysis of Data
Correctness of classification (accuracy) was established in 2 ways. More permissive accuracy assumed the classification to be accurate if the right organ category was indicated as abnormal, whereas the specific diagnosis did not necessarily had to be correct. Strict accuracy assumed a specific diagnosis to be correct if the diagnosis corresponded with the gold standard. Standard diagnostic performance measures could be calculated for both types of accuracy: sensitivity, specificity, positive likelihood ratio (LRþ), and negative likelihood ratio (LRÀ).
The statistical analysis was complex as there were 5 reviewers, 2 techniques, 2 levels of diagnosis (more permissive and strict accuracy), and 48 cases. The latter number limited the application of multi-level techniques or complex analysis of variance techniques. Instead, we applied exploratory analyses where the 5 reviewer judgements on 1 case or 1 abnormality were treated as 5 separate observations. Statistical testing and interpretation were conservative in this explorative context.
First we calculated the sensitivity for the detection of structural abnormalities comparing both techniques. A total of 54 individual abnormalities with 5 reviewers account for 270 detected abnormalities as a maximum. At this stage, we did not make a difference between cases and reviewers in order to get a rough comparison of sensitivity of 2D/3D_US and 3D_VR_US. Second, we computed the average sensitivity, specificity, and other diagnostic measures across cases at the reviewer level. These average performance measures were calculated using the more permissive accuracy and the strict accuracy, respectively. The more permissive approach has a total of 240 (48 cases Â 5 reviewers) observations. The strict approach accounts for a total of 21 840 (48 cases Â 5 reviewers Â 91 possible abnormalities) observations. Furthermore, the agreement among the reviewers in their final judgement and the evaluation time of both techniques were analyzed.
We used the dependent t test and the McNemar test for diagnostic performance comparisons and between technique comparisons and the independent t test for within technique comparisons (ie, evaluation time). We evaluated time differences over all cases and when omitting the first 5 or 10 cases to evaluate the possible effect of a learning curve in terms of time expenditure.
The survey results were used as additional qualitative information to support formal data analysis.
Results
The overall sensitivity of 3D_VR_US for detecting structural abnormalities was 62.6% (169 of 270) and was 52.2% (141 of 270) using 2D/3D_US, P ¼ .075 (see Table 1 for a detailed comparison). Sensitivity of 3D_VR_US compared to 2D/ 3D_US was higher for small details like polydactyly (4 of 5 vs 1 of 5) and facial clefts (5 of 5 vs 2 of 5) and lower for holoprosencephaly (2 of 5 vs 5 of 5). Malformations of skeleton and limbs were significantly more often correctly diagnosed using 3D_VR_US (P ¼ .013). Table 2 displays data on the reliability of the 2 techniques to distinguish normal pregnancies from pregnancies with structural abnormalities. The average sensitivity, specificity, LRþ, and LRÀ were not statistically different. Table 3 shows the same comparison but now analyzing the correctness of the specific diagnoses of structural abnormalities that were made. The average sensitivity, specificity, LRþ, and LRÀ were not statistically different comparing the 2 techniques. Furthermore, the agreement between the 5 reviewers was analyzed. The agreement in the distinction between normal and abnormal cases and the agreement on the specific diagnoses were studied separately. The agreement on classifying a case as ''abnormal'' was higher for 3D_VR_US, whereas 2D/3D_US had higher agreement in distinguishing the normal pregnancies (Supplementary Table 1 ). A better agreement between the reviewers was observed with 3D_VR_US as compared to 2D/ 3D_US in diagnosing malformations of the central nervous system and malformations of the skeleton and extremities (data available from the authors).
The reported mean time to evaluate a case using 3D_VR_US was 4:24 minutes and 2:53 minutes using 2D/3D_US (P < .001). More time was required with 3D_VR_US in the evaluation of normal pregnancies (þ2:00 minutes, P < .001) as well as in pregnancies with structural abnormalities (þ1:51 minutes, P < .001). If structural abnormalities were present, using 3D_VR_US, time expenditure was less as compared to time expenditure in normal cases (À1:05 minutes, P < .001). This difference was not seen with 2D/3D_US (À0:13 minutes, P ¼ .152; Supplementary  Table 2 ).
When excluding the first 5 or 10 cases per reviewer, the average evaluation time did not change, thereby excluding the possible effect of a learning curve in terms of time expenditure.
The subjective reviewers' experience, as reported by the survey, showed that the required information was intuitively provided faster, and depth perception was better appreciated in 3D_VR_US. Operating 3D_VR_US was reported by the reviewers to be easy.
Discussion
The overall sensitivity for the detection of first-trimester structural abnormalities is high for both 3D_VR_US (62.6%) and 2D/3D_US (52.2%; P diff ¼ .075). Thus, 3D_VR_US detected 10% more abnormalities, but this difference was not statistically significant. As available studies reported first-trimester detection rates (sensitivity) of structural abnormalities ranging from 18% to 84%, 4, [19] [20] [21] [22] [23] [24] our study results are within the same range.
Although overall detection was quite similar, the sensitivity of malformations of the skeleton and extremities was significantly higher using 3D_VR_US. These malformations included, for example, polydactyly and radial aplasia. Holoprosencephaly was more often diagnosed using 2D/3D_US. It can be envisaged that the more spatial presentation of 3D_VR_US represents in particular a benefit in abnormalities at the exterior of the embryo, while the regular planes for brain evaluation using 2D/3D_US perform better for early detection of holoprosencephaly. This is also emphasized in the survey, where the reviewers stated that better depth perception was perceived using 3D_VR_US. The reviewers' experience of faster information retrieval and easy-to-learn technique of 3D-VR_US further confirmed professional appreciation.
The higher yield and perhaps higher professional appreciation of 3D_VR_US have a price. The complete evaluation of a case requires on average more time for 3D_VR_US compared to 2D/3D_US, in particular in normal cases. In view of the larger amount of volume data in a hologram compared to 2D/ 3D_US, it requires more time to exclude abnormalities. We believe that more experience will turn this balance more to the advantage of 3D_VR_US. Remarkably, the reviewers stated in the questionnaire that the information they needed was provided faster using 3D_VR_US. Some features of early pregnancy, like the position of the feet and the omphalocele, were scored as pathological while at this stage they are physiological. Before first trimester, screening of structural abnormalities will be effective these misunderstandings have to be elucidated. Other groups of assumed abnormalities showed considerable interreviewer differences with both techniques. These included malformations of the abdominal wall, the uterus, and the umbilical cord. Foremost, this can be explained by lack of experience in evaluation of early pregnancy. This study stresses the need for more basic information on the normal appearance of the early pregnancy. Other studies have shown that with increasing experience at first trimester, US screening the detection rates (sensitivity) of structural abnormalities increase. 25, 26 A lower detection rate than expected on beforehand was seen for some abnormalities. For example, the detection rate of ectopia cordis in this study was 40% for both techniques. This might be explained by the fact that heart action is not visualized in the offline, static, images that were used for the evaluation of cases. During real-time US, a detection rate of near 100% is most likely achieved. At this point, 4D (the 4th dimension being time) is not routinely obtained. These 4D data sets can however also be evaluated using VR, thereby overcoming the limitations of static images. Moreover, the detection rate of an increased nuchal fold was detected in 60% of the cases using 2D/3D_US. Detection rate would likely have been near 100% if the reviewers would have measured the nuchal fold in all cases. However, this would significantly prolong evaluation time and was therefore not performed in this study. Finally, it must be pointed out that 100% of twin pregnancies were detected in this study. The data in table reflect the percentage of twins that were correctly typed regarding chorionicity and amnionicity.
A limitation of the study is the retrospective design. We performed thorough blinding to account for this aspect. Furthermore, the retrospective design allows for comparison to a gold standard and therefore investigation of the validity of 3D_VR_US and 2D/3D_US, whereas a prospective study measures the agreement between 2 techniques. Second, due to the wide range and rarity of structural abnormalities, we choose to select our cases, instead of following a cohort, for efficiency reasons. This can be seen as another limitation of the study. A third limitation is the small number of studied cases. We deliberately aimed for a proof of concept study. Now, as we know that 3D_VR_US has the promise of improving the detection of first-trimester structural abnormalities, larger size studies are warranted to study the effect of 3D_VR_US in routine conditions. Agreeable, the BARCO I-Space does not lend itself for widespread dissemination as it is too large (requiring a separate room of at least 40 m 2 /400 ft 2 ) and too expensive (approximately 500 000 USD). However, a desktop version of this 3D_VR_US system is developed, making this new and innovative technique broadly accessible to hospitals in the near future. A prototype is being evaluated at our department for use in daily clinical practice, and if successful, performance data like the ones shown in this article can be established overtime.
We conclude that in this proof-of-concept study, the diagnostic performance of 3D_VR_US and 2D/3D_US is statistically equal. A higher sensitivity was observed for abnormalities of skeleton and limbs in 3D_VR_US. Results suggest an additive value of 3D_VR_US in specific cases. As the time required for completion of the procedure was about 2 minutes longer for 3D_VR_US and reviewers subjectively reported better representation, the technique for now might be implemented under research conditions.
